Specifically, the E3 proteins interact with mainly hyand the X-ray structures of Ub and the 1.9 Å structure of drophobic residues just prior to the ␣2 helix in the L2 Ubc1 ⌬450 determined here, docking simulations followed region and between ␤ strands ␤3 and ␤4 in the L1 region. by energy minimization were used to produce the first Furthermore, electrostatic interactions occur with resimodel of a E2-Ub thiolester intermediate.
Therefore, the transient nature of the E2-Ub thiolester
Footprint of the E2-Ub Interaction A series of 1 H- 15 N HSQC spectra were used to monitor intermediate precludes its three-dimensional determination by either NMR spectroscopy or X-ray crystallogthe formation of the E2-Ub thiolester intermediate. Spectra were acquired as a function of time from two raphy. In the present work we have used NMR spectroscopy to identify the interfacial residues of the E2-Ub reactions that contained catalytic amounts of E1 with either (1) 15 N-Ub and unlabeled E2 or (2) 15 N-E2 and thiolester intermediate derived from S. cerevisiae. These results were combined with computer-aided molecular unlabeled Ub. In the NMR tube, the reaction could be conveniently monitored by 1 H- 15 N HSQC spectra taken modeling to determine the first three-dimensional model of an E2-Ub thiolester complex. The validity of the model at 1 min intervals and reached approximately 90% completion as determined by gel fitration chromotography. was reinforced by biological experiments aimed at uncovering the importance of particular residues in the Building upon the NMR assignments of the uncomplexed forms of the proteins [12, 13] , we used the changes ubiquitination pathway. The structure reveals a first glimpse of the surface recognition site between the Ub in crosspeak intensity as a measure of thiolester formation. We used this method rather than the usual change and E2 proteins and provides insight into the threedimensional arrangement of Ub, E2, and E3 in the ternary in chemical shift method because small environmental changes were inevitable during the in situ NMR reaccomplex.
tions, and Ub has been shown to be very pH sensitive [12] . significantly greater decrease in intensity than others do. As shown in Figures 1a and 1b , these resonances protein Ubc9 and a ubiquitin homolog (UBL1) [10] . These two studies indicated that a broad surface on the E2 correspond to residues near the C terminus of Ub (V70, L71, R72, and L73) and to those near ␤ strand ␤3 of protein could be mapped by using NMR chemical-shift perturbation methods and, in the case of UCH-L3, a the protein (R42, L43, and R48 with the ubiquitin-like protein UBL1 [10] . In that study, ported here to 1.9 Å resolution (Figure 2 ; Table 1 ). For clarity, two cutoff points were selected: a Ͼ90% deseveral residues on the N-terminal helix of Ubc9, opposite the active site, were identified. Together these recrease in peak intensity, and a peak-intensity decrease between 79% and 90%. This latter group was chosen sults indicate that residues in helix ␣2 of Ubc1 ⌬450 may have unique roles in thiolester formation.
because it represented residues that still decreased by 5 times their original amplitude and more than double In general, the larger decreases in intensity in E2 and Ub that occurred upon thiolester formation were attribthat expected from a simple molecular-weight size increase in the E2-Ub covalent complex. Figure 2 shows uted to a decreased mobility of these residues or to a significant change in environment relative to the rethe majority of affected residues are clustered together with their side chains exposed to the exterior of each maining portions of the molecules. These observations could be consistent with the placement of these resiprotein. In the case of E2 (Figure 2a ), several residues face toward a cleft in the protein formed between two dues at the protein-protein interface of the E2-Ub intermediate. In order to test this hypothesis, the residues 3 residue ␤ sheets and a 3 residue helix in the linker on one side and helix ␣2 on the other side. These include in E2 and Ub that exhibited the greatest peak intensity decrease upon thiolester formation were mapped to the residues N79, I80, and S81 in ␣5 and residues I87 and the thiolester-forming C88 in ␤6. The residues in helix X-ray crystallographic surfaces of Ub [14] and the catalytic domain of the E2 from S. cerevisiae, Ubc1 ⌬450 , re-␣2 include A105 and S108 that point down toward the Ribbon presentation of (a) the 1.9 Å structure of the Ubc1 catalytic domain (E2) and (b) Ubdepicting side chains for residues that were most affected by thiolester formation. Side chains are shown in red for residues that had a peak intensity decrease of Ͼ90% in 1 H-15 N HSQC spectra as compared to spectra of the uncomplexed proteins. Connolly surface presentation of (c) E2 and (d) Ub corresponding to (a) and (b) above and depicting surfaces comprising residues affected most by thiolester formation. Surfaces colored red indicate residues in E2 and Ub as in (a) and (b) above. Surfaces are also colored (magenta) to indicate those residues whose peak intensities decreased between 10% and 16% (Ub) and between 10% and 21% (E2) as compared to the uncomplexed forms of these proteins.
cavity and Q114 and S115 that point out toward the observed in Ub due to rapid amide exchange with solvent. Only one residue, L43, is oriented in the opposite solvent. It is interesting that two residues, N79 and W96, are also perturbed. These residues are completely condirection. , approximately 42% of which is comprised from the side chains of interaction with the ubiquitin molecule. In the case of Ub (Figure 2b ), residues nearby in ␤ sheet ␤3 (R42, L43, hydrophobic residues. Of these, residues I91 and V99 are prominently displayed on the surface of the protein and R48) and in the tail region of the protein (L71, R72, and L73), including the thiolester-forming G76, point out in this region. For the Ub protein, hydrophobic residues comprise about 32% of the side chain-accessible surtoward the solvent. It is likely that residues R74 and G75 are part of this group. However, neither could be face area (1218 Å 2 ), based on the NMR data. The similarity in side chain-accessible surface areas for E2 and Ub is consistent with these residues forming a common 
The residues identified in

Structure of the E2-Ub Intermediate
Number of unique reflections 23,300
The E2-Ub footprint obtained from not surprising, given the significant observed flexibility The interacting surface for E2 contains two residues (S97 and A111) that are important to its function. The from E2, although direct charge interactions are not apparent. Two important sections of hydrophobic interacreplacements of S97R and A111R in Ubc1 ⌬450 both result in an E2 that retains full capacity for thiolester formation tions exist; L71 and L73 from Ub sandwich I91 just C-terminal of the active site C88 in the E2 protein, and but has lost its stress-related function in vivo. In addition, the A111R replacement strongly attenuates the the side chains of I44 and V70 in Ub lie on opposite sides of A111 ␤CH 3 in E2. This latter interaction is also E2's ability to catalyze multi-Ub chains in vitro (M.J.E., unpublished data). However, these substitutions have supported from interactions with the ␤,␥ CH 2 groups from Q114 of E2. The E2-Ub interface is also supported no effect on the catalytic transfer of Ub from E1 to E2. Therefore, the position occupied by Ub on the E2 surface by several obvious hydrogen bonding interactions between the side chains of E117 (E2) and R72 (Ub), beis only required for downstream functions such as multiUb chain assembly and target recognition. Conversely, tween the side chain of D120 (E2) with G75 NH (Ub), and between A111 CO (E2) with the side chain of R42 the replacements T73R and K74A in Ubc1 ⌬450 occur at amino acid positions that are not at the E2-Ub interface (Ub). Together, the side chain interface of the E2-Ub thiolester intermediate occupies approximately 1823 Å 2 in the thiolester. These substitutions have no effect on thiolester formation, chain assembly, or the E2's in vivo of surface area comprising about 48% nonpolar components and 52% polar or charged side chains. Furtherproperties (data not shown). more, residues at the interface including I44, V70, L71, and L73 in Ub and A111, Q114, N119, and D120 in E2
A Glimpse at the E3-E2-Ub Ternary Complex
The structural relationship between the E2-Ub thiolester were amongst those with the largest peak-intensity changes.
intermediate formed by residues L89-I91 and N119-P121. Furthermore, these regions in Ub and E2 proteins are highly conserved, indicating that this interaction may be used Ubc1 ⌬450 (Figure 4a ). In particular, F63, a residue known as a model for other E2-Ub complexes such as that to be critical for HECT domain and c-Cbl-mediated ubibetween the human E2 protein, HsUbc2b, and Ub. The quitination, is conserved [20] . This indicates that interac-E2-Ub complex identified from NMR studies is consistion of Ubc1 ⌬450 with an E3 protein should occur via the tent with recent crystallographic studies of the E2-E3 same intermolecular surface, although the precise E3 complexes of UbcH7-c-Cbl and UbcH7-E6AP. Modeling that interacts with Ubc1 has yet to be identified. This of the Ubc1 ⌬450 -Ub structure on the UbcH7-c-Cbl indistructural similarity of Ubc1 in the current work to provide a picture of the E3-
and the Ub protein ligases (E3 proteins) is an important prerequisite for understanding the mechaThe interacting surface between E2 and Ub is consis-
Thiolester Reactions
Technologies, San Diego, CA), and then both molecules were deposited into a single computational environment. All thiolester reactions were performed at 30ЊC in the NMR tube using 0.8 mM E2 and Ub concentrations with 10 Within this family, the C terminus of Ub was oriented toward the by Speedvac, and an equimolar amount of unlabeled E2 or Ub was added, thus ensuring that the final volume was identical to that used active site of the E2, and the majority of surface residues on Ub and Ubc1 ⌬450 that were affected by thiolester formation (as deterfor the initial spectra (500 l).
1 H-15 N HSQC spectra were acquired by using identical parameters to those of the 15 N protein alone. mined from the HSQC spectra) were brought into proximity. A representative configuration was then manipulated manually to obtain The sample volume was then further reduced, and ATP and E1, equilibrated at 30ЊC, were added to a final volume of 500 l. The the lowest intermolecular energy without further altering the backbone or side chains of either molecule. Once the initial minimization sample was rapidly mixed, transferred to the NMR tube, and an initial spectrum acquired by using the sensitivity-enhanced 1 H-15 N and dynamics were completed, the thiolester bond was formed between the C88 sulfur on Ubc1 ⌬450 and the C-terminal carbon on HSQC method [21] . Spectra of thiolester reactions were acquired every 10 min during the first 60 min of the reaction and were proUb ( 
